Introduction
The Kuroshio Extension (KE) is an eastward-flowing, inertial jet in the subtropical western North Pacific after the Kuroshio separates from the coast of Japan at 35
• N and
140
• E (Fig. 1) . Being the extension of a wind-driven western boundary current, the KE has long been recognized as a current system rich in large-amplitude meanders and energetic pinched-off eddies (e.g., Mizuno and White 1983; Qiu et al. 1991; Yasuda et al. 1992 among others). An important feature emerging from the high-quality satellite altimeter measurements of the past 18 years, is that the KE current system undergoes clearly-defined decadal oscillations between two dynamic states. When the KE jet is in an elongated state, its transport and latitudinal position tend to be greater and more northerly, the southern recirculation gyre tends to strengthen, and the eddy kinetic energy level in the upstream KE region tends to drop (Qiu and Chen 2005; Kelly et al. 2007 ). The reverse is true when the KE jet changes to a contracted state. Since October 1992 after the satellite altimeter measurements became available, the contracted state of the KE jet appeared in [1995] [1996] [1997] [1998] [1999] [2000] [2001] and in 2006-09 and the elongated state was detected in the remaining intervening years.
The cause responsible for the transitions between the elongated and contracted states of the KE jet has been explored extensively both observationally and based on eddy-resolving ocean general circulation model (OGCM) simulations. It is by now relatively well established that the observed transitions were initiated by the decadally-fluctuating wind stress curl forcing over the central midlatitude North Pacific Ocean (e.g., Miller et al. 1998; Deser et al. 1999; Seager et al. 2001; Qiu 2003; Taguchi et al. 2005 Taguchi et al. , 2007 Qiu et al. 2007; Ceballos et al. 2009 ). Specifically, when the central North Pacific wind stress curl anomalies are positive, enhanced Ekman flux divergence generates negative local sea surface height (SSH)
anomalies. As these wind-induced negative SSH anomalies propagate westward into the KE region after a delay of 3 ∼ 4 years, they weaken the zonal KE jet, leading to a contracted state of the KE system with a reduced recirculation gyre and an active eddy kinetic energy field. The negative wind stress curl anomaly forcing in the central North Pacific, on the other hand, generates positive SSH anomalies that lead to the elongated state of the KE jet. Compared with the wind-induced dynamic state transitions, the role played by the nonlinear mesoscale eddies in determining the amplitude of the KE jet migration and the strength of recirculation gyre, is yet to be fully quantified (Berloff et al. 2007; Taguchi et al. 2007; Pierini et al. 2009; Qiu and Chen 2010; Nakano and Ishikawa 2010) .
Decadal modulations in the KE's dynamic state can exert a significant impact on regional water mass formation and transformation processes. Using available hydrographic and profiling float temperature-salinity (T -S) data, several recent studies have examined this impact in connecion with the Subtropical Mode Water (STMW) formation south of the KE jet. During the contracted state of the KE system, for example, Qiu and Chen (2006) show that the elevated eddy variability brings upper ocean high potential vorticity water of the Mixed Water region southward, creating a stratified upper ocean condition in the recirculation gyre region unfavorable for the wintertime deep convection and STMW formation. Because the eddy-induced PV exchange occurs on the intra-annual timescale, the effect on STMW formation by the KE dynamic state is observed to be highly effective (Qiu et al. 2007 ).
During its contracted state, the permanent thermocline depth south of the KE jet becomes shallower and this can also contribute to an enhanced upper ocean stratification and lead to reduced STMW formation (Sugimoto and Hanawa 2010) . Although the shoaled permanent thermocline (or, equivalently, the negative SSH) is initiated by the wind forcing in the central North Pacific as we reviewed above, it is worth emphasizing that the wind-induced, negative SSH anomalies alone are insufficient to explain the observed permanent thermocline depth (or SSH) changes in the recirculation gyre (see Taguchi et al. 2007; Qiu and Chen 2010) . Contribution from the feedback of nonlinear eddies is required to fully explain the observed upper ocean stratification changes between the different dynamic states of the KE jet. Changes in the KE's dynamic state are not only important for the formation of STMW, but also its subsequent evolutions. While it tends to remain trapped within the recirculation gyre during the elongated state of the KE jet, STMW tends to be carried away from its formation region during the KE's contracted state (Oka 2009 , Oka et al. 2010 .
Another important water mass existing in the North Pacific Ocean is the North Pacific
Intermediate Water (NPIW) characterized by a salinity minimum on the 26.7 ∼ 26.8 σ θ surface (Reid 1965; Talley 1993; Qiu 1995; Yasuda et al. 1996) . NPIW is formed in the Mixed Water region (also known as the Kuroshio-Oyashio interfrontal zone) north of the KE jet where the subarctic-origin cold and fresh Oyashio water mixes with the warm and saline KE water of subtropical-origin. Many previous studies of NPIW have focused on its formation processes. For example, Talley (1991) explored the freshening processes to the 26.8 σ θ surface in the Okhotsk Sea through brine rejection below the ice formation. While mixing within the broad Mixed Water region was shown by Talley (1997) to be important for the NPIW formation, Yasuda et al. (1996) emphasized the primary site for NPIW formation was located along the northern periphery of the meandering KE (see also Yasuda 1997) . In addition to the ventilation in the western North Pacific, negative buoyancy fluxes and wind stirring caused by severe winter conditions in the Alaskan Gyre have also been identified as playing a role in transferring the fresh surface water to the NPIW density surface (Van Scoy et al. 1991; You et al. 2000) . For a comprehensive review of the advancement in our understanding of the NPIW formation, the readers are referred to Yasuda (2004) .
Because NPIW is formed adjacent to the KE jet and because a significant portion of the newly-formed NPIW crosses the KE jet to spread into the interior subtropical circulation, it is natural to ask to what extend the decadally-modulating KE dynamic state can bring about the property modifications to NPIW. In comparison to the exploration of STMW variability, it is more challenging to investigate the NPIW changes because there exists far less in-situ salinity measurements than temperature in both space and time. Indeed, previous studies on the NPIW variability in the KE region are limited to the repeat hydrographic section along 165
• E (e.g., Kouketsu et al. 2007 ). This lack of salinity data, however, changed after 2001 thanks to the establishment of the International Argo Program (Roemmich et al. 2009 ). In the KE region of interest to this study, the number of profiling float T -S data is further increased with the addition of 48 floats deployed in 2004 and 2005 as part of the Kuroshio Extension System Study (KESS) project (http://www.uskess.org; Qiu et al. 2007 ).
The present study has three objectives. The first is to provide an update on the timevarying dynamic state of the KE system. In particular, we will emphasize the out-of-phase fluctuations in eddy kinetic energy level between the upstream versus downstream KE regions. Although previously undocumented, this feature of longitudinally-varying eddy variability plays an important role in determining the time-varying salinity signals detected in the NPIW layer. The second objective is to examine the salinity changes on the 26.7 ∼ 26.8
σ θ surface through analysis of T -S data from the Argo and KESS profiling floats, as well as from other in-situ conductivity-temperature-depth (CTD) measurements. Our third objective is to clarify the connection between the observed NPIW salinity changes and the decadal modulations of the KE dynamic state. Quantification of this connection is pursued by adopting an isopycnal advection-diffusion model whose time-dependent advective field is specified by the eddy-resolving, satellite altimeter SSH data.
Decadally-modulating KE dynamic state
To examine the changes in the KE dynamic state, we use the global SSH anomaly dataset compiled by the Collocte Localisation Satellites (CLS) Space Oceanographic Division of Toulouse, France. This dataset merges along-track SSH measurements from all satellite altimeter missions after October 1992 and has a 7-day temporal resolution and a 1/3
• -longitude Mercator spatial resolution (Ducet et al. 2000) . By adding the hybrid mean SSH field h(x, y) of Rio et al. (2009; see Fig. 1) to the SSH anomaly field h ′ (x, y, t), we obtain the total SSH field: h = h + h ′ . For brevity, the total SSH field will be referred to simply as the SSH field throughout this study.
One effective way to capture the low-frequency eddy variability of the KE system is to conduct an empirical orthogonal function (EOF) analysis of the eddy kinetic energy field, where eddy kinetic energy is calculated using the SSH anomaly data 1 through geostrophy:
where g is the gravity constant and f the Coriolis parameter. Figure 2 shows the spatial pattern and weighting coefficient of the first EOF mode, explaining 12.8% of the total EKE variance. The weighting coefficient of the mode is dominated by decadal modulations in which high (low) EKE level is observed in 1996-2001 and 2006-2009 (1993-1995 and 2002-2005) . A comparison between the spatial EOF pattern of Fig. 2a and Fig. 1 reveals that the elevated EKE band closely follows the mean path of the KE jet, a result not unexpected 1 To emphasize the contribution from the mesoscale eddy signals, the h ′ data used in Eq. (1) is high-pass filtered with timescales shorter than 300 days.
because it is the baroclinicity of the KE jet that supplies the energy source for the enhanced eddy activities.
What is surprising from Fig. 2a is that the decadally-modulating eddy activities have opposite signs in the upstream versus downstream KE regions. In other words, when the mesoscale eddy variability was enhanced in 1996-2001 and 2006-2009 (Fig. 4c ). In the downstream region east of 152
• E, on the other hand, the enhanced eddy activity is likely a result of interaction by the zonally-extended and strengthened KE jet with the underlying Shatsky Rise along ∼ 158
• E (see Fig. 1 ).
To quantify the connection between the time-varying EKE signals and the strength of the KE jet, we define the KE axis by the 100-cm SSH contours and plot in Fig In accordance with the results from SSH measurements, the KE jet in 2006-09 is weaker and zonally more contracted.
Examining NPIW salinity changes with an isopycnal model
In order to clarify the causes for the observed salinity changes shown in Figs. 7a and 7b, we adopt in this section a numerical modeling approach. We assume that away from the low salinity water formation regions of Okhotsk Sea and along the Kuril Islands, the salinity values on the 26.7-26.8 σ θ surface in the broad open ocean regions of our interest are controlled predominantly by along-isopycnal advection and diffusion processes. By using the isopycnal advection-diffusion model, we seek to explore processes through which the decadally-varying KE jet and its eddy field are able to alter the salinity signals of NPIW.
a. Velocity specification on the 26.7-26.8 σ θ surface
Quantification of the NPIW salinity changes requires knowledge of the time-varying velocity field on the 26.7-26.8 σ θ surface. Although we have no directly-measured velocity information on this isopycnal surface, the good resemblance between the isopycnal depth and the SSH field (cf. Figs. 1 and 6c) suggests that a link may be sought between the SSH and acceleration potential signals on the 26.7-26.8 σ θ surface. To do so, we calculate the acceleration potential values from all available T -S profiles relative to the concurrentlymeasured SSH values from satellite altimeters. Figure 8a shows the scatter plot between the acceleration potential values thus determined and the concurrent SSH values. The relatively tight correspondance between these two quantities makes it reasonable to derive the needed acceleration potential field A(x, y, t) from the altimetrically-measured SSH field h(x, y, t):
where α(h) is the conversion coefficient determined by least-squared fitting (i.e., the red curve shown in Fig. 8a) . As an example, we plot in Fig. 8b the mean acceleration potential field on the 26.7-26.8 σ θ surface converted from the mean SSH field of Fig. 1 using Eq. (2).
Once A(x, y, t) is determined, the isopycnal velocity is simply:
b. Isopycnal advection-diffusion model and control run
The equation governing the salinity S changes along an isopycnal surface is
where (u, v) are given by Eq. (3) and K i is the isopycnal eddy diffusivity. As we noted above, effects of diapycnal processes are assumed to be small in the region of our interest and excluded from Eq. (4). We solve Eq. (4) numerically with the use of an upwind scheme (e.g. Kantha and Clayson 2000) . The model has a horizontal grid resolution of 1/3
• × 1/3
• and its domain is chosen the same as that for the data analysis: 25
Although it is desirable to specify the salinity values from observations along the model boundaries, lack of continuous observations prevents us from doing so. Instead, we fix the S values along the model boundaries with the observed mean salinity values (i.e., those shown in Fig. 6b ). With this fixed boundary condition, changes in the modeled salinity field should be interpretted as solely due to the time-varying advective field and the specified K i value. All model runs described below are initiated with a uniform salinity at 34.0 psu. As it takes about two years for the modeled salinity field to reach the quasi-equilibrium state, model results from the initial three years are excluded from the analysis. 
where A denotes the time-mean acceleration potential field given in Fig. 8 . The timedependent A field is divided into the low-and high-pass filtered components, A and A ′ , where the dividing period is set at 7 years. Thus divided, A represents signals of the decadally-modulating KE jet/recirculation gyre, and A ′ represents the remaining, spatiallyand temporally-varying, mesoscale eddy signals (recall Figs. 3a and 3b ).
It is instructive to first examine the model run in which the acceleration potential field is given by A = A + A. In other words, the advective field contains no mesoscale eddy signals in this "eddy-free" run (see Table 1 for the different model run specifications). As may be expected, the modeled mean salinity field for 2002-09 from this run (Fig. 10a) becomes too saline in the subtropical region south of ∼ 38 To explore the roles of mesoscale eddy signals, we extend the above "eddy-free" model run by incorporating the effect of isopycnal eddy diffusion in Eq. (4). The eddy diffusivity for this "parameterized eddy diffusion run", K i = 4, 000 m 2 s −1 , is chosen such that the modeled mean salinity pattern for 2002-09 (Fig. 11a ) approaches the observed mean salinity pattern presented in Fig. 6b . The salinity anomaly pattern for 2002-05 from this model run is shown in Fig. 11b . Reflecting the incorporation of spatially uniform eddy diffusion, Fig. 11b shows a laterally diffused salinity anomaly pattern when compared to the "eddy-free" run result of Fig. 10b . It is worth noting that this "diffused" salinity anomaly pattern bears some resemblance to Fig. 7a , indicating that the decadally-fluctuating KE jet plays an important role in generating the broad-scale, dipolar salinity anomaly pattern detected in the observations.
In the above "parameterized eddy diffusion run", effects of mesoscale eddies were assumed to be uniform both spatially and temporally. As analyzed in section 2, the observed mesoscale eddy signals in the region of our interest are neither uniform in space nor in time. In order to assess the roles played by the decadally-modulating eddy forcing, we conduct a fourth model run in which we set A = A + A ′ and K i = 0. For this "modulating eddy forcing run", the advective field is fully specified by the observations except for the decadally-varying circulation signals. The mean salinity field for 2002-09 from this model run (Fig. 12a) exhibits a pattern very similar to the observations and the control run (cf. Fig. 9a ), suggesting the dominance of eddy contribution in determining the time-mean salinity pattern in the region of our interest.
The observed eddy forcing generates salinity anomalies that are large in amplitude and, when combined with the forced signals from the decadally-varying KE jet, match better the observed salinity anomaly pattern. Specifically, in the downstream KE region east of 152
• E, the observed eddy forcing in 2002-05 induces a positive (negative) salinity anomaly to the north (south) of the KE jet (see Fig. 12b ). This eddy-induced dipolar salinity anomaly reinforces/expands the dipolar salinity anomaly pattern generated by the decadally-varying KE jet further to the east (cf. Fig. 11b ), making the combined salinity anomaly pattern closer to the observations. Dynamically, the dipolar salinity anomaly pattern shown in Fig. 12b is due to the enhanced eddy variability in 2002-05 in the downstream KE region that transports saltier subtropical water northward and fresher subarctic water southward (recall Fig. 3b ).
In the upstream KE region west of 152
• E, 2002-05 is the period when the regional eddy activity was reduced. As a result of this reduced eddy activity, less intrusions of the KE water occur in the Mixed Water region and this is reflected in Fig. 12b by the presence of a negative salinity anomaly to the east of Japan. This negative salinity anomaly is clearly captured in the observations (Fig. 7a ) and our modeling results indicate that its existence is not due to the decadally-varying KE jet, but a consequence of its decadally-modulating eddy activities.
d. Decadal modulations vs linear trends
With the salinity anomaly patterns presented in Figs (Fig. 9c) , Fig. 13a shows a similar, broad-scale, dipolar salinity anomaly pattern, negative salinity anomalies along the inflow KE jet, and localized positive salinity anomalies east of Japan. These similarities indicate that it is the dynamic state of the KE system that determines the observed time-varying signals shown in Fig. 7 .
That the modeled salinity changes are results of decadal modulations, instead of linear trends, can also be readily confirmed in Fig. 13b in which we plot the salinity anomalies in the downstream KE region (152 
Summary
Using the temperature and salinity data from the International Argo and Kuroshio Ex- To elucidate the processes responsible for these observed salinity changes, we adopted in this study an isopycnal advection-diffusion model and conducted process-oriented model runs by adjusting the time-dependent advective field and isopycnal eddy diffusivity. For the salinity anomaly features observed in 2002-05, the model results indicate that as the KE jet strengthened during this period, enhanced advection of saltier KE water caused the increased salinity value along the inflow KE jet southeast of Japan. The broad-scale dipolar salinity anomaly pattern with positive (negative) salinity anomalies appearing to the north (south) of the KE jet, on the other hand, is due to the combined effect of the northward migration of the KE jet and enhanced mesoscale eddy activities in the downstream KE region. Both of these processes result in a net northward salt flux and the observed broadscale dipolar salinity anomaly pattern is a manifestation of this net salt flux. In the upstream KE region west of 152
• E, mesoscale eddy activity was low in 2002-05 and this reduced eddy activity suppressed the northward transport of saline KE water and is responsible for the negative salinity anomalies detected in the western Mixed Water region.
Through the numerical model integrations, we identified that rather than linear trends, the observed salinity anomalies in the past eight years are oscillatory in nature and are consequences of the decadally-varying KE jet and its associated mesoscale eddies. One aspect we are unable to address in our present study is the extent to which any of the observed salinity changes in the NPIW core layer are due to changes of salinity itself along the model's inflow boundaries. This "boundary effect" is expected to be small for the inflow KE jet south of Japan because the salinity value there is determined by the "old" (Lagerloef et al. 2008) , it would be interesting for future data analysis and modeling studies to quantify the contribution to the NPIW modification from these near-surface processess in the northern subarctic region. The acceleration potential value is referenced to the sea surface. (b) Mean acceleration potential field on 26.7-26.8 σ θ inferred from the mean SSH data using the conversion (i.e., the red curve) shown in (a). 
